Background: Ssu72 is a RNAPII CTD phosphatase; its function in the transcription cycle has not been established. Results: Ssu72 dephosphorylates Ser(P) 5 at the initiation-elongation transition and regulates Ser 2 phosphorylation status. Conclusion: Ssu72 functions at multiple stages of the RNAPII transcription cycle. Significance: Our results correct two previous misconceptions: (i) that Rtr1 is a Ser(P) 5 phosphatase and (ii) that Ssu72 dephosphorylates Ser(P) 5 only during transcription termination.
Transcription by RNAPII 3 occurs in distinct stages that include assembly of the preinitiation complex, promoter melting, initiation, promoter clearance, elongation, mRNA 3Ј-end processing, and termination (1) . As RNAPII progresses through the transcription cycle, an array of complexes are recruited to RNAPII, including capping enzymes, elongation factors, splic-ing factors, 3Ј-end-processing complexes, and termination factors (2) (3) (4) . Recruitment of these factors to RNAPII is coordinated by the dynamic phosphorylation of the C-terminal domain (CTD) of the Rpb1 subunit of RNAPII (5) (6) (7) (8) (9) (10) (11) (12) .
The CTD is composed of multiple heptad repeats of the consensus sequence Y 1 S 2 P 3 T 4 S 5 P 6 S 7 . The CTD is conserved among eukaryotic RNAPIIs, although the number of repeats varies among species. In budding yeast, the CTD is composed of 26 repeats of which 18 exactly match the consensus sequence. In mammalian cells, the CTD is longer. For example, the human CTD consists of 52 repeats, but only 21 match the consensus sequence (13) . Every residue of the CTD is subject to post-translational modifications during different stages of the transcription cycle. All five of the hydroxylated amino acids (Ser 2 , Ser 5 , and Ser 7 as well as Tyr 1 and Thr 4 ) are phosphorylated in mammalian cells (1, 14 -18) . Also, both prolines undergo cis-trans isomerization that affects the phosphorylation status of the other residues (19) .
The RNAPII CTD needs to be in a hypophosphorylated state to be recruited to the promoter (20) . Once assembled into the preinitiation complex, RNAPII Ser 5 and Ser 7 are phosphorylated (Ser(P) 5 and Ser(P) 7 ) by the Kin28 (yeast) or Cdk7 (mammalian) kinase subunit of TFIIH (16) . As RNAPII clears the promoter and enters the elongation phase, Ser(P) 5 undergoes dephosphorylation, Ser(P) 7 levels remain relatively constant (21, 22) , and Ser 2 gradually becomes phosphorylated (Ser(P) 2 ) (16) . In mammalian cells, Tyr(P) 1 levels rise downstream of the transcription start site, similar to Ser(P) 2 , and then decrease before the polyadenylation site (1) . A pattern for the phosphorylation status of Thr 4 remains to be elucidated (12) . All of these modifications alter the structure of the CTD, which in turn regulates the recruitment and exchange of processing factors (22) (23) (24) (25) (26) .
Ssu72 is a CTD phosphatase specific for Ser(P) 5 and Ser(P) 7 and is essential for cell viability (21, 22, 27, 28) . Despite its essential role in CTD dephosphorylation, the specific role of Ssu72 in the transcription cycle remains unresolved. Intriguingly, the orientation of Ssu72 relative to the backbone polarity of the CTD is critical for substrate specificity: in one orientation, specificity is for Ser(P) 5 , whereas in the opposite orientation, specificity is for Ser(P) 7 , albeit with much lower activity (28) . Ssu72 was first identified based on a genetic interaction with the general transcription factor TFIIB, an interaction that affects the accuracy of start site selection (29) . Ssu72 physically associates with TFIIB; the Rpb2 subunit of RNAPII; the Taf2, Taf3, and Taf6 subunits of TFIID; the Kin28 subunit of TFIIH; and regulators of TFIIH activity (22, 30) . These interactions implicate Ssu72 in initiation, yet Ssu72 is an integral component of the CPF mRNA 3Ј-end-processing complex (30 -32) . Consistent with its presence in the CPF complex, Ssu72 mutations adversely affect 3Ј-end processing and termination (33) . Chromatin immunoprecipitation (ChIP) experiments reveal that Ssu72 localizes to the 3Ј-end of genes but also associates with the promoter (21, 22, 32) . Ser(P) 7 levels accumulate evenly throughout non-coding and protein coding genes in Ssu72 mutants (22) . However, the levels of Ser(P) 5 were reported to accumulate only at the 3Ј-ends of genes in ssu72 mutants, suggesting that the phosphatase activity of Ssu72 acts on Ser(P) 5 specifically during the elongation-termination stage of the transcription cycle (21) .
The phylogenetically conserved Rtr1 protein was also reported to have Ser(P) 5 phosphatase activity, and this activity manifests early in the transcription cycle (34) . However, the role of Rtr1 as a CTD phosphatase has been challenged because its structure lacks an apparent catalytic site, and extensive efforts to demonstrate CTD phosphatase activity were unsuccessful (35) . A more recent report described Rtr1 as a dual specificity phosphatase that dephosphorylates Tyr(P) 1 and Ser(P) 5 (36) . Nonetheless, the structure of Rtr1 lacks a well defined catalytic groove that would serve as an active site, and it is not active using monophosphorylated Tyr(P) 1 or Ser(P) 5 substrates (36) . Rtr1 clearly affects CTD phosphorylation, but its specific function in the transcription cycle and its relationship to other CTD phosphatases remain to be resolved.
In this report, we investigated the role of Ssu72 in the transcription cycle. We report that Ssu72 dephosphorylates Ser(P) 5 at the initiation-elongation transition. We also demonstrate an unanticipated function for Ssu72 in regulation of Ser 2 phosphorylation status, a function that is independent of Ssu72 catalytic activity.
EXPERIMENTAL PROCEDURES
Yeast Strains-The S. cerevisiae strains used in this study are listed in Table 1 . Strain YMH1111 is an rtr1⌬ deletion mutant derived from BY4741 (37) . Strain YMH650 (ssu72-2) is an isogenic derivative of H-51. The ssu72-2 allele encodes an alanine replacement of the conserved arginine at position 129 (R129A). This mutant is viable at 30°C but fails to grow at 37°C (38) . Cell extracts of YMH650 exhibit ϳ30% of the phosphatase activity of H-51 as determined by cleavage of the p-nitrophenyl phosphate substrate (39) . Western blot analysis revealed that the Ser(P) 5 form of RNAPII accumulates in the ssu72-2 mutant following a 60-min shift to the non-permissive temperature of 37°C (39) . Accumulation of Ser(P) 5 is not due to Ssu72 instability because no effect of the temperature shift on the steadystate level of the Ssu72-R129A protein was observed (39) . Strain XH-24 is an isogenic derivative of FY23 (31) in which the normal SSU72 gene has been replaced by the ssu72-td allele, which enables repression of SSU72 transcription and degron-mediated turnover of the Ssu72 protein following a 30-min shift to 37°C (27, 31) . Strains YMH1237 and YMH1238 are derivatives of XH-24 (ssu72-td) harboring plasmid pM712 [SSU72-CEN-TRP1] or pM698 [ssu72-4-CEN-TRP1], respectively. The ssu72-4 allele encodes a serine replacement of cysteine 15 (C15S) that lies within the PTPase domain ( 14 VCX 5 RS 22 ) of Ssu72. Cys 15 is responsible for nucleophilic attack of the substrate phosphorus atom, leading to formation of a phosphoenzyme intermediate (27, 38, 40) . Because the C15S replacement eliminates catalytic activity of the essential Ssu72 protein, plasmid-borne ssu72-4 was introduced into XH-24 (ssu72-td), followed by depletion of degron-tagged Ssu72 upon temperature shift to 37°C. Accordingly, this study utilizes three isogenic sets of ssu72 mutants: one that eliminates the Ssu72 protein (ssu72-td), one that retains stable protein but eliminates its catalytic activity (ssu72-4), and one that is temperature-sensitive, expressing ϳ30% of normal Ser(P) 5 phosphatase activity in vivo.
Chromatin Immunoprecipitation-ChIP experiments were performed using isogenic strain pairs H-51 (SSU72) and YMH650 (ssu72-2); FY23 (SSU72) and XH-24 (ssu72-td); YMH1237 (ssu72-td [pM712: ssu72-4-CEN-TRP1]) and YMH1238 (ssu72-td [pM698: SSU72-CEN-TRP1]); and BY4741 (RTR1) and YMH1111 (rtr1⌬). Cells were grown under permissive (30°C) or restrictive (37°C) conditions, as indicated. RNAPII occupancy was assessed for (i) RNAPII, independently of CTD phosphorylation status, using antibody to the Rpb3 subunit (Neoclone); (ii) RNAPII hypophosphorylation using the 8WG16 antibody (Covance); (iii) RNAPII Ser(P) 5 , using the 3E8 monoclonal antibody; and (iv) RNAPII Ser(P) 2 , using the 3E10 monoclonal antibody. Rpb3 and 8WG16 antibodies are commercially available from the indicated vendors and are used routinely to probe RNAPII by ChIP. The specificity of the 8WG16 antibody is directed against the CTD when Ser 2 is unphosphorylated (41) . The 3E8 and 3E10 antibodies where generated in Dirk Eick's laboratory and exhibit specificity for Ser(P) 5 and Ser(P) 2 , DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49
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respectively; these antibodies have also been used successfully to probe RNAPII by ChIP (16, 21, 22) . Yeast cells were grown at 30°C in either YPD medium, or ϪTrp medium for strains YMH1237 and YMH1238 to maintain selection for the ssu72 plasmids. Cells were grown to a density of A 600 ϭ 0.6, shifted either to 30°C or to prewarmed medium at 37°C, incubated for 1 h, cross-linked with 1% formaldehyde for 15 min at either 30 or 37°C, and harvested. The reaction was stopped by the addition of glycine to 125 mM, and cultures were incubated for an additional 5 min at either 30 or 37°C. The cell pellet obtained from the 100-ml culture was washed twice with 10 ml of 1ϫ TBS buffer (10 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1% Triton X-100) and resuspended in 500 l of FA lysis buffer (50 mM HEPES-KOH (pH 7.9), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM PMSF). Approximately 500 l of acid-washed glass beads were added, and cells were lysed by vigorous shaking in a minibead beater (MiniBeadBeater-16, model 607) for 4 min at 4°C. Eppendorf tubes were punctured with a 22-gauge needle, and filtrates were collected in a 15-ml tube, transferred to a 1.5-ml tube, and spun for 15 min at 4°C in a microcentrifuge. The crude chromatin pellet was washed with 500 l of FA lysis buffer twice and resuspended in 800 l of FA lysis buffer. Chromatin was sonicated 10 times for 15 s with 30-s intervals in ice-cold FA lysis buffer. Samples were spun at 13,000 rpm in a refrigerated microcentrifuge. The supernatant was mixed with 10 l of anti-RPB3 monoclonal antibody, 10 l of 8WG16 monoclonal antibody, 10 l of 3E8 (anti-Ser(P) 5 ) antibody or 10 l of 3E10 (anti-Ser(P) 2 ) antibody, followed by incubation for 4 h (in the case of the 8WG16 antibody) or overnight (in the case of the anti-Rpb3, 3E10 and 3E8 antibodies) at 4°C with gentle shaking. Differences in incubation periods reflect different binding affinities for each antibody. The antigen-antibody complex was adsorbed on 50 l of protein A-Sepharose beads (Invitrogen) in the case of the 8WG16 antibody, anti-rat IgG beads (Sigma) in the case of the 3E10 and 3E8 antibodies, or anti-mouse IgG beads (Sigma) for the Rpb3 antibody and then washed successively with 1 ml each of FA lysis buffer containing 500 mM NaCl, ChIP wash buffer (10 mM Tris-HCl (pH 8.0), 250 mM LiCl, 0.5% Nonidet-P40, 0.5% sodium deoxycholate, 1 mM EDTA), and 1ϫ TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA). The beads were incubated with 10 g of DNase-free RNase (Qiagen) for 30 min at 37°C followed by 20 g of Proteinase K (Invitrogen) for 1 h at 42°C. Cross-links were reversed by overnight incubation at 65°C in the same buffer. Samples were extracted with phenol-chloroform and precipitated with ethanol in the presence of glycogen. DNA pellets were resuspended in 100 l of TE and used as templates for PCR amplification. PCRs were performed using 1 l of immunoprecipitated DNA and the primer pairs defined in Table 2 . PCR products were fractionated in 1.5% agarose gels containing ethidium bromide. Band intensity was quantified using an AlphaImager 2200 (Alpha Innotech).
All values used for quantification were established to be within linear range of the PCR. For all ChIP experiments, factor association was quantified by normalizing the IP/input ratio of each probed region to the IP/input ratio of the HMR region ((IP x /INPUT x )/(IP HMR /INPUT HMR )). Values represent the mean of three independent biological replicates; error bars indicate S.E. 
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RESULTS
This study is focused on the function of the Ssu72 RNAPII CTD phosphatase in the RNAPII transcription cycle. We have assayed the presence of RNAPII and the phosphorylation status of its CTD using three sets of isogenic ssu72 mutants: (i) one depleted of Ssu72 (ssu72-td), which correlates with depletion of the hypophosphorylated form of RNAPII and a marked increase in the Ser(P) 5 form of RNAPII in whole cell extracts; one expressing stable but catalytically inactive Ssu72 (ssu72-4); and one expressing Ssu72 with diminished catalytic activity (ssu72-2) (see "Experimental Procedures" and Table 1 ). Protein-DNA interactions were monitored by ChIP using a set of genes (PMA1, PYK1, and ADH1) that has been used extensively to assay recruitment and exchange of proteins and chromatin marks during the transcription cycle. Chromatin was immunoprecipitated using well defined, specific antibodies. We have organized the presentation of our data according to the antibody used in each ChIP experiment.
Loss of Ssu72 Phosphatase Activity Does Not Impair Progression of RNAPII through the Transcription Cycle-Previous attempts to monitor the progression of RNAPII through the transcription cycle in ssu72 mutants were performed by ChIP using the 8WG16 antibody, which binds preferentially to the hypophosphorylated form of RNAPII rather than total RNAPII, or by using a catalytically inactive mutant (ssu72-C15S) (21, 22) . To obtain a more comprehensive depiction of how Ssu72 affects the progression of RNAPII through the transcription cycle, we performed ChIP experiments using a monoclonal antibody directed against the Rpb3 subunit of RNAPII with our three sets of ssu72 mutants. When Ssu72 was depleted in the ssu72-td strain, we found no effect on the levels of RNAPII cross-linked to PMA1 and PYK1 (Fig. 1, C and D) . Similar results were observed when the catalytically inactive form of Ssu72 (ssu72-4) was introduced into this strain, followed by depletion of WT Ssu72; RNAPII levels remained the same across both PMA1 and PYK1 (Fig. 1, G and H) . Thus, degradation of Ssu72 (ssu72-td) or the complete absence of its phosphatase activity (ssu72-4) did not prevent RNAPII elongation in vivo.
Interestingly, the ssu72-2 temperature-sensitive mutant showed decreased levels of RNAPII across the PMA1 gene when incubated at the restrictive temperature of 37°C (Fig. 1K ). This mutant, however, exhibited no defect in the RNAPII profile across PYK1 under the same conditions (Fig. 1L ). From these results, it appears that Ssu72 with partial catalytic activity (ssu72-2) can cause different effects on RNAPII elongation. We do not yet understand why the ssu72-2 mutant displays low levels of RNAPII across the PMA1 gene or how many genes exhibit a similar effect. Nonetheless, we conclude that neither Ssu72 (ssu72-td) nor its catalytic activity (ssu72-4) is essential for progression of RNAPII through the transcription cycle, although partial catalytic activity can exert different effects at different genes.
Ssu72 Dephosphorylates Ser(P) 5 during the Early Stages of the Transcription Cycle-Bataille et al. (21) reported that the Ssu72 phosphatase activity acts specifically during transcription termination, a conclusion that would seem to be consistent with Ssu72 being an integral component of the CPF mRNA 3Ј-endprocessing complex. However, the SSU72 gene was initially discovered based on genetic interaction with the transcription initiation factor TFIIB, and the ssu72-1 allele affects transcription start site selection (29) . To determine whether the function of the Ssu72 phosphatase is specific to termination or also affects initiation, we carried out ChIP experiments using the 3E8 (Ser(P) 5 ) monoclonal antibody and our set of ssu72 mutants. Incubation of the ssu72-2 mutant at the restrictive temperature resulted in accumulation of RNAPII Ser(P) 5 across the PMA1 and PYK1 genes, indicating that Ssu72 dephosphorylates Ser(P) 5 from actively transcribing RNAPII (Fig. 2, A and B) . Moreover, accumulation of RNAPII Ser(P) 5 occurred close to the 5Ј-ends of PMA1 and PYK1, indicating that Ssu72 acts early in the transcription cycle rather than exclusively at the 3Ј-ends of genes (21) . A different result, however, was observed using the ssu72-td degron mutant. In this strain, which results in total depletion of Ssu72, no effect on RNAPII Ser(P) 5 levels was observed (Fig. 2, E and F) . However, introduction of the catalytically inactive form of Ssu72 into the ssu72-td degron strain led to elevated levels of RNAPII Ser(P) 5 upon depletion of WT Ssu72 (Fig. 2, I and J) . These results indicate that in the absence of normal Ssu72 activity (ssu72-2 or ssu72-4), the cell is unable to dephosphorylate Ser(P) 5 . However, in the complete absence of the Ssu72 protein (ssu72-td), the ability to dephosphorylate Ser(P) 5 is restored. Taken together, these results demonstrate that the Ssu72 phosphatase affects the initiationelongation transition but also suggest that another CTD phosphatase is able to substitute for Ssu72 and dephosphorylate Ser(P) 5 but does so only in the absence of Ssu72. We suggest that Ssu72 bound to the CTD prevents another phosphatase, perhaps Rtr1, from interacting with the CTD (see "Discussion").
Effect of Ssu72 on CTD Ser 2 Phosphorylation-Another reagent to monitor CTD phosphorylation status is the 8WG16 antibody. 8WG16 binds hypophosphorylated CTD that is specifically unphosphorylated at Ser 2 (41) . Degradation of Ssu72 in the ssu72-td mutant (XH-24) led to diminished levels of hypophosphorylated CTD as detected by Western blot (27) , suggesting that Ssu72 either has catalytic activity toward Ser(P) 2 (in addition to Ser(P) 5 and Ser(P) 7 ) or that Ssu72 has an indirect effect on Ser(P) 2 dephosphorylation.
To assess whether the effect of Ssu72 on Ser(P) 2 levels was occurring on the CTD of actively transcribing RNAPII, we performed ChIP using the 8WG16 antibody and our set of ssu72 mutants. Consistent with Western blot results (27) , the 8WG16 ChIP signal decreased when Ssu72 is degraded in the ssu72-td strain (Fig. 3, A and B) . This result implies that Ser(P) 2 levels increase when Ssu72 activity is diminished or lost. Similar results were observed when the ssu72-2 mutant was incubated at the restrictive temperature (Fig. 3, E and F) . However, when the only source of Ssu72 in the cell is the catalytically inactive C15S mutant, no reduction in the 8WG16 ChIP signal is observed (Fig. 3, I and J) . This result suggests that the increase in Ser(P) 2 in the other ssu72 mutants (Fig. 3, A-H) , detected as a drop in the 8WG16 signal, is not due to an increase in Ser(P) 5 .
To confirm this conclusion, we performed 8WG16 ChIP analysis using an rtr1⌬ deletion mutant (YMH1111), which was shown previously to exhibit an increase in Ser(P) 5 levels (14, DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 33919 16) . If our conclusion that elevated Ser(P) 5 levels are not affecting 8WG16 epitope levels is correct, we should observe a strong 8WG16 signal even when Ser(P) 5 levels are elevated. Our results reveal a slight, uniform decrease in the 8WG16 signal (Fig. 4, A and B) , which is probably due to the loss of RNAPII occupancy on PMA1 and PYK1, as reported previously (34) . As a control, we confirmed that Ser(P) 5 levels are indeed elevated in the rtr1⌬ mutant by ChIP analysis of PMA1 and PYK1 (Fig. 4,  E and F) , thereby proving that elevated Ser(P) 5 levels are not affecting 8WG16 epitope (Ser 2 ) levels. Furthermore, the diminished 8WG16 signal is not due to an accumulation of Ser(P) 7 because the catalytically inactive ssu72-4 mutant shows ele-
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vated levels of Ser(P) 7 on actively transcribing RNAPII (22) as well as a strong 8WG16 ChIP signal (14, 16, 34) . Taken together, our results demonstrate that Ssu72 not only catalyzes Ser(P) 5 dephosphorylation but also regulates the phosphorylation status of the CTD in a manner independent of its Ser(P) 5 phosphatase activity.
Loss of Ssu72 Leads to Deregulation of Ser 2 Phosphorylation-As noted above, a decrease in the 8WG16 epitope signal implies an increase in Ser(P) 2 on actively transcribing RNA-PII in the ssu72 mutants. To test this premise, we performed ChIP experiments using the 3E10 monoclonal antibody against Ser(P) 2 with the ssu72-td strain (XH-24). Here we assayed the ADH1 gene because the Ser(P) 2 profile of this gene follows a clear linear increase in the ChIP signal from promoter to terminator, making it easier to recognize pattern changes when comparing WT and mutant strains (43) .
Our results indicate that degradation of Ssu72 results in a clear increase in Ser(P) 2 (Fig. 5, A and B) . Furthermore, this effect is evident from the promoter region of ADH1, as opposed to the gradual increase in the signal characteristic of Ser(P) 2 ChIPs in a WT strain (43) . Because Ssu72 is specific for dephosphorylation of Ser(P) 5 and Ser(P) 7 (21, 22, 28) , with no activity toward Ser(P) 2 (27, 44) , our results imply that Ssu72 indirectly regulates Ser 2 phosphorylation. Ssu72 could exert this effect by facilitating the recruitment and/or activation of the Ser(P) 2 phosphatase, Fcp1, at promoters. Perhaps depletion of Ssu72 inactivates the phosphatase activity of Fcp1 and allows the principal Ser(P) 2 kinase, Ctk1, to phosphorylate Ser 2 earlier than usual in the transcription cycle.
DISCUSSION
Using a novel set of ssu72 mutants, we demonstrate that Ssu72 is a RNAPII CTD Ser(P) 5 phosphatase that acts during the initiation to elongation transition of the transcription cycle. This conclusion is in contrast to the previous report that Ssu72 acts specifically at termination (21) . Both the ssu72-2 temperature-sensitive mutant and ssu72-4 null mutant show clear accumulation of the Ser(P) 5 signal, which appears to be uniformly high across the genes examined here rather than diminishing with increasing distance from the promoter. Thus, the Ssu72 phosphatase acts early in the transcription cycle, consistent with the initial identification of Ssu72 as a protein that interacts with TFIIB to affect start site selection (29) . The significance of this result lies in two previous misconceptions: (i) that Rtr1 is the sole Ser(P) 5 phosphatase acting early in the transcription cycle and (ii) that Ssu72 dephosphorylates Ser(P) 5 only during transcription termination (21, 34, 35) .
A striking result from this study is that degradation of Ssu72 in the ssu72-td strain did not result in accumulation of Ser(P) 5 on transcribing RNAPII, although Western blot experiments show a clear accumulation of bulk, steady-state Ser(P) 5 . A possible explanation for this result is that in the absence of the Ssu72 protein, as opposed to the presence of catalytically inactive Ssu72, transcribing RNAPII undergoes Ser(P) 5 dephosphorylation by another CTD phosphatase. We suggest that catalytically inactive Ssu72 (ssu72-2 or ssu72-4) retains the ability to associate with the CTD and render it inaccessible to the other Ser(P) 5 phosphatase, perhaps Rtr1 (36) . This conclusion is reminiscent of catalytically inactive mutants of Fcp1, the Ser(P) 2 phosphatase, which dwell on the CTD (45) .
Failure to dephosphorylate Ser(P) 5 did not affect RNAPII progression through the transcription cycle. This result, although novel, is not entirely unexpected because previous studies showed that inactivation of the CTD Ser 5 kinase, Kin28, had little effect on promoter clearance (16, 46, 47) . Also, the rtr1⌬ deletion, which results in high levels of Ser(P) 5 , allows for RNAPII progression through genes as well (34) . Although RNAPII CTD phosphorylation/dephosphorylation plays a crucial role in coupling transcription with RNA processing, phosphorylation status does not seem to affect the ability of RNAPII to transcribe a gene. It is important to recognize that our studies addressed only the effects of ssu72 mutations on the phosphorylation status of RNAPII and its progression across genes and not on RNA processing.
Why RNAPII occupancy across the PMA1 gene is diminished when the ssu72-2 strain is incubated at the restrictive temperature is not clear. Ssu72 affects the expression of a small set of genes in different ways. For example, the Faye laboratory showed that expression of Ͻ200 genes was at least 2-fold higher and that of Ͻ150 genes was at least 2-fold lower in their ssu72-ts69 strain (48) . It is possible that transcription of PMA1 is diminished in the ssu72-2 mutant, leading to less Rpb3 crosslinking over its open reading frame. This possibility is unlikely, however, because Rpb3 occupancy over PMA1 in the ssu72-td FIGURE 1. Ssu72 phosphatase activity is not required for progression of RNAPII through the transcription cycle. A, schematic depiction of the PMA1 gene showing the position of the promoter (bent arrow), the two 3Ј-end processing/polyadenylation sites (light arrows), and the termination site (heavy arrow). The regions probed by ChIP are denoted 1-3, 5-6, and 8 -9. The PMA1 PCR primers are defined in Table 2 and are identical to the primer pairs described previously (43) . B, schematic depiction of the PYK1 gene. The regions probed by ChIP are denoted 1-3 and 6 -8. The PYK1 ChIP primers are defined in Table 2 and are identical to the primer pairs described previously (34) . C, ChIP analysis of Rpb3 cross-linked to PMA1 using isogenic strains H-51 (WT) and YMH650 (ssu72-2) that had been incubated at either the permissive (30°C) or restrictive (37°C) temperature for 1 h prior to cross-linking. Chromatin was immunoprecipitated using monoclonal ␣-Rpb3 antibody. Lanes correspond to the regions depicted in A; HMR denotes a transcriptionally silent domain on chromosome III. The input signal represents DNA prior to immunoprecipitation. D, ChIP analysis of Rpb3 cross-linked to PYK1 using the same strains and conditions as in C. E, quantification of the data shown in C. For all ChIP experiments, factor association was quantified by normalizing the IP/input ratio of each probed region to the IP/input ratio of the HMR region ((IP x /INPUT x )/(IP HMR /INPUT HMR )). Values represent the mean of three independent biological replicates; error bars, S.E. In all graphs, the y axis represents -fold enrichment, and the x axis represents the region probed on the gene. F, quantification of the data shown in D. G, identical to B, except chromatin was immunoprecipitated from isogenic strains FY23 (WT) and XH-24 (ssu72-td) that had been incubated at either the permissive (30°C) or restrictive (37°C) temperature for 1 h prior to cross-linking. Incubation of XH-24 at 37°C results in depletion of the Ssu72 CTD phosphatase (31) . H, identical to D, except chromatin was immunoprecipitated from isogenic strains FY23 (WT) and XH-24 (ssu72-td). I, quantification of the data shown in G. J, quantification of the data shown in H. K, ChIP analysis of Rpb3 cross-linking to PMA1 using strain YMH1237 (ssu72-td [SSU72-CEN-TRP1]) (labeled WT) or YMH1238 (ssu72-td [ssu72-4-CEN-TRP1]) ( Table 1 ). Strains were incubated at either the permissive (30°C) or restrictive (37°C) temperature for 1 h. prior to cross-linking, as indicated. L, ChIP analysis of Rpb3 cross-linked to PYK1 using the same strains and conditions as in K. M, quantification of the data shown in K. N, quantification of the data shown in L. and ssu72-4 strains is unaffected. Our set of ssu72 mutants is likely to be important to resolve this issue by analyzing RNAPII occupancy on a genome-wide scale.
We had noticed previously in whole-cell extracts that inactivation of Ssu72 resulted in diminished levels of hypophosphor-ylated RNAPII detected by the 8WG16 antibody (27) . Here we showed, however, that the decrease in the 8WG16 ChIP signal is not related to elevated levels of Ser(P) 5 on transcribing RNA-PII. This result is evident in the ssu72-td background, where we did not see an accumulation of Ser(P) 5 on either PMA1 or PYK1 5 cross-linking to PMA1 using isogenic strains H-51 (WT) and YMH650 (ssu72-2). Chromatin was immunoprecipitated using monoclonal antibody 3E8 (␣-Ser(P) 5 ). B, ChIP analysis of Ser(P) 5 cross-linking to PYK1 using the same strains and conditions as in A. C, quantification of the data shown in A. D, quantification of the data shown in B. E, identical to A, except chromatin was immunoprecipitated from isogenic strains FY23 (WT) and XH-24 (ssu72-td). F, identical to B, except chromatin was immunoprecipitated from isogenic strains FY23 (WT) and XH-24 (ssu72-td). G, quantification of the data shown in E. H, quantification of the data shown in F. I, ChIP analysis of Ser(P) 5 cross-linking to PMA1 using the XH-24 strain transformed with plasmid DNA carrying either wild type SSU72 (pM712, labeled as WT), or catalytically inactive ssu72-C15S (pM698, labeled as ssu72-4) ( Table 1 ). Strains were incubated at either the permissive (30°C) or restrictive (37°C) temperature for 1 h prior to cross-linking. J, ChIP analysis of Ser(P) 5 cross-linked to PYK1 using the same strains and conditions as in I. K, quantification of the data shown in I. L, quantification of the data shown in J.
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but did see a marked decrease in the hypophosphorylated form of RNAPII as detected by 8WG16. Remarkably, the opposite is true in the ssu72-4 background, where, although high levels of Ser(P) 5 are detected across PMA1 and PYK1 at the restrictive temperature, we did not see a drop in the 8WG16 ChIP signal under the same conditions. In agreement with these results, we found that the rtr1⌬ deletion, which results in the accumulation of RNAPII Ser(P) 5 across genes (34), does not affect the pattern of the 8WG16 ChIP. This information suggests that Ssu72 has a function that affects the phosphorylation status of the CTD that is independent of its role in catalyzing Ser(P) 5 dephosphorylation. PMA1 and PYK1 genes. A, ChIP analysis of hypophosphorylated CTD cross-linked to PMA1 using isogenic strains FY23 (WT) and XH-24 (ssu72-td). Chromatin was immunoprecipitated using the monoclonal antibody 8WG16. B, ChIP analysis of hypophosphorylated CTD cross-linking to PYK1 using the same strains and conditions as in A. C, quantification of the data shown in A. D, quantification of the data shown in B. E, identical to A, except chromatin was immunoprecipitated from isogenic strains H-51 (WT) and YMH650 (ssu72-2). F, identical to B, except chromatin was immunoprecipitated from isogenic strains H51 (WT) and YMH650 (ssu72-2). G, quantification of the data shown in E. H, quantification of the data shown in F. I, ChIP analysis of hypophosphorylated CTD cross-linking to PMA1 using the XH-24 strain transformed with plasmid DNA carrying either wild type SSU72 or catalytically inactive ssu72-C15S. J, ChIP analysis of hypophosphorylated CTD cross-linked to PYK1 using the same strains and conditions as in I. K, quantification of the data shown in I. L, quantification of the data shown in J. Error bars, S.E.
The increase in Ser(P) 2 levels that we detected in the ssu72-td strain is likely to be an indirect effect because it is known from in vitro experiments that Ssu72 does not dephosphorylate Ser(P) 2 (27, 44) . In yeast, the three enzymes that affect Ser 2 phosphorylation status are the two kinases, Ctk1 and Bur1, and the phosphatase Fcp1. All three proteins genetically interact with Ssu72 (48, 49) . Therefore, it is possible that Ssu72 regulates the activity or recruitment of one or more of these proteins. The most likely explanation is that Fcp1 is aberrantly regulated in the absence of Ssu72. ChIP experiments with the fcp1-1 and fcp1-2 mutants exhibit a drop in the 8WG16 signal across the PMA1 and ADH1 genes starting from the promoters in a manner similar to our results for the ssu72-td and ssu72-2 mutants (21, 41) . Also, overexpression of Fcp1 results in suppression of the temperature-sensitive phenotype of the ssu72-ts52 allele (48) . This would explain how Ssu72 mutants alter the normal pattern of Ser 2 phosphorylation without actually being a Ser(P) 2 phosphatase. The Fcp1 phosphatase and the Ctk1 kinase are both recruited to RNAPII at promoters and travel with RNAPII throughout the transcription cycle (41) . However, the gradual phosphorylation of Ser 2 does not start until after RNAPII escapes the promoter (14, 16) . It is possible that Ssu72 recruits or activates the phosphatase activity of Fcp1 at promoters, thereby preventing accumulation of Ser(P) 2 at promoter proximal regions. As RNAPII escapes the promoter and transitions into the elongation phase, Ssu72 dissociates from RNAPII and the phosphatase activity of Fcp1 is diminished. The Ser(P) 2 mark can now accumulate due to the kinase activity of Ctk1. A mutation in Ssu72 that inhibits the interaction between Ssu72 and Fcp1 would account for high levels of Ser(P) 2 at the promoter. Whether Ssu72 regulates the recruitment or enzymatic activity of Fcp1, Ctk1, and/or Bur1 remains to be established.
Ssu72 is required for gene looping, which juxtaposes the promoter and terminator regions of genes (50 -52). Looping defects have been observed in the ssu72-td strain as well as in the catalytically dead ssu72-4 mutant (50). The latter result suggests that during the initiation to elongation transition, the phosphatase activity of Ssu72 is critical for gene looping. However, Ssu72 is also required to recruit TFIIB to terminators, and failure to do so disrupts gene looping (51) . Thus, the function of Ssu72 in gene looping is likely to be dependent upon its roles during both transcription initiation and 3Ј-end processing. Fig. 3B , except chromatin was immunoprecipitated from isogenic strains BY4741 (WT) and YMH1111 (rtr1⌬). C, quantification of the data shown in A. D, quantification of the data shown in B. E, identical to A, except chromatin was immunoprecipitated using monoclonal antibody 3E8 (␣-Ser(P) 5 ). F, identical to B, except chromatin was immunoprecipitated using monoclonal antibody 3E8 (␣-Ser(P) 5 ). G, quantification of the data shown in E. H, quantification of the data shown in F. Error bars, S.E.
